Introduction {#j_jvetres-2019-0052_s_001}
============

The study of establishment of a chronic renal failure (CRF) model has been made in many animals including guinea pigs, rabbits, cats, sheep, dogs, rats, and mice ([@j_jvetres-2019-0052_ref_006], [@j_jvetres-2019-0052_ref_020]). A CRF model can be established through physical, chemical or biological methods, but animals with renal tissue resection have been held up as a successful CRF model ([@j_jvetres-2019-0052_ref_008]). Alevy *et al*. ([@j_jvetres-2019-0052_ref_001]) performed renal artery ligation and removal of the contralateral kidney attempting to establish a rat CRF model. However, it was difficult to operate on the animal and easy to cause its death. The application of liquid nitrogen and electrocoagulation and the removal of the contralateral kidney did not give a good result either ([@j_jvetres-2019-0052_ref_002]).

The miniature pig has unmatched advantages as an animal model because of its high homology with humans. In recent years, the miniature pig has received more and more attention as a comparative medicine animal model ([@j_jvetres-2019-0052_ref_005], [@j_jvetres-2019-0052_ref_017]) and has been widely used in many fields of medicine ([@j_jvetres-2019-0052_ref_011], [@j_jvetres-2019-0052_ref_012], [@j_jvetres-2019-0052_ref_016]). Laparoscopic studies for many surgical procedures have been performed on small animals ([@j_jvetres-2019-0052_ref_014], [@j_jvetres-2019-0052_ref_015]). Renal failure investigations have been undertaken exploiting small animals as the model; however, no report of a miniature pig renal failure model established through laparoscopy has been published.

Material and Methods {#j_jvetres-2019-0052_s_002}
====================

**Animals.** A total of 15 healthy female Bama miniature pigs aged 8--10 months with an average body weight of 22.04 ± 3.3 kg were used. The pigs were obtained from the Bama miniature pig farm of the College of Life Sciences (Harbin, China). The pigs were housed under constant temperature and lighting conditions (a 12 h light/dark cycle as the latter). The animals were housed individually and fed a piglet diet (Shenzhen Jinxinnong Feed, China) and given tap water *ad libitum*. All pigs were preoperatively assessed as healthy after a physical examination and complete blood count.

**Surgical procedure.** The pigs were divided into three equal groups: a ⅔ group, a ¾ group, and a ⅚ group. Animals in the ⅔ group were subjected to a ⅓ left nephrectomy and a right radical nephrectomy, animals in the ¾ group had a ½ left nephrectomy and a right radical nephrectomy performed, and animals in the ⅚ group underwent a ⅔ left nephrectomy and a right radical nephrectomy. All animals were fasted for 24 h before surgery. Each pig was premedicated with subcutaneous injection of atropine sulphate (0.04 mg/kg) and intramuscular cefazolin (20 mg/kg), and subsequently general anaesthesia was induced with intramuscular xylazine (1 mg/kg) and ketamine hydrochloride (10 mg/kg) and maintained with 1.5--3% isoflurane in oxygen after intubation.

The CRF model was established by two laparoscopic surgeries. The left partial nephrectomy was performed in the first surgery and the right radical nephrectomy was performed 10 d later. All the surgical procedures were performed under sterile conditions.

Pigs were positioned in the right lateral decubitus in the first surgery and left lateral decubitus in the second surgery. Pneumoperitoneum was created with a Veress needle and maintained at 12 mmHg. Three ports were opened. Port 1 was created with a trocar and cannula unit (diameter 10--11 mm, Olympus Corporation, Japan) for laparoscope access (Olympus Corporation). Ports 2 and 3 were the access for the laparoscopic instruments. All the surgical procedures were performed in the laparoscopic view.

The renal artery and the renal vein were separated and then clipped temporarily with haemostatic clips (5.7 cm, Shanghai Medical Instrument Co., China); ⅔ of the kidney was removed along the midpoint between the lateral margin and the renal hilum in the ⅚ group, and a part of the kidney was removed from one side in the ⅔ and ¾ groups. The collecting system of the kidney was sutured; 2-0 absorbable suture was used to close the renal cross-section in a continuous pattern ([Fig. 1](#j_jvetres-2019-0052_fig_001){ref-type="fig"}). In case the suture did not maintain adequate tension, medium titanium clips were used to clamp the site. The medullary substance was embedded close to the cortex.

![The clamped artery was released two seconds after suturing to confirm haemostasis. The two haemostatic clips were released completely when there was no haemorrhage](jvetres-63-447-g001){#j_jvetres-2019-0052_fig_001}

Then the suture was confirmed. The clamp on the renal artery was removed to ensure haemostasis had been achieved and assess the security of the sutures through the renal parenchyma. The two haemostatic clips were released completely when there was no haemorrhage, and extra suturing was required and carried out if haemorrhage occurred. Physiological saline was infused into the abdominal cavity for lavage and drawn out by a vacuum extractor. A thick aseptic plastic bag was used to pull the renal tissue out through the expanded incision. All laparoscopic instruments were removed and the pneumoperitoneal gas was expelled manually. The incisions were then sutured. The right unilateral nephrectomy was performed seven days after the first surgery. The kidney was radically removed after the renal artery, vein and ureter were ligatured and divided.

**Monitoring and postoperative care.** All animals were kept and monitored in the same environment. Their mental state, movement, incision condition, appetite, and excreta were closely monitored every day for 15 days. The pigs were placed in a warm room after anaesthesia and transferred to a sty 6 h later. Freely available water was provided 6 h postoperatively, and pig feed was provided 18 h postoperatively.

A 5-mg fentanyl patch (Duragesic; Janssen Pharmaceutica, Belgium) was applied after surgery, and renewed every three days for six days. Antibiotic prophylaxis consisted of intramuscular cefazolin sodium (50 mg/kg, Harbin Pharmaceutical Group Co. General Factory, China) administered twice a day for two days.

Baseline values for all measured data were defined before anaesthesia. All pigs were monitored for three days preoperatively and each week after surgery for 12 weeks. Serum creatinine (CR), blood urine nitrogen (BUN), heart rate (HR), rectal temperature, operating time, warm ischaemia time, and total incision length were recorded. Blood samples were collected through the cranial vena cava. The haematological examination included white blood cell (WBC) and red blood cell (RBC) counts and was performed immediately after sample collection with an MEK-7222K haematology analyser (Nihon Kohden Corporation, Japan). Serum was stored at −80°C after centrifugation.

A total of 300 mg of xylocaine was injected intravenously for euthanasia after general anaesthesia with xylazine and ketamine hydrochloride at 13 weeks, or earlier if a serious complication occurred.

**Histopathological examination.** Tissue was collected from the caudal pole of the remnant kidney. The renal tissue was fixed in 10% buffered formalin, embedded in paraffin, and sliced in 3 μm-thick sections. Sections were stained with haematoxylineosin to evaluate histopathological injury. Five pictures of each sample were analysed to compare changes over the weeks after surgery.

**Statistical analysis.** Data are presented as the mean ± standard deviation. One-way ANOVA (and parametric) analysis and analysis of normal distribution by the Kolmogorov--Smirnov method were used to compare the results at different time points in each group. Two-way repeated measures ANOVA analysis was used to compare the results among groups. One-way ANOVA was performed when incision length and intraoperative blood loss were analysed. P values \< 0.05 were considered to be statistically significant.

Results {#j_jvetres-2019-0052_s_003}
=======

All the CRF models were established successfully through the pair of surgical procedures. One of three extents of partial nephrectomy and a contralateral radical nephrectomy was successfully performed on each of the 15 animals. None of the animals in any of the groups had intra- or perioperative complications, and no animal's laparoscopic surgery was converted to an open procedure.

Body weight was similar among the three groups (the ⅔ group weighed 23.1 ± 2.25 kg, the ¾ group 22.02 ± 1.48 kg, and the ⅚ group 21.58 ± 2.84 kg). The incisions for both surgeries were the shortest in the ⅔ group and the longest in the ⅚ group (p \> 0.05; those of the ⅔ group measured 8.12 ± 0.33 cm, those of the ¾ group 9.22 ± 0.69 cm, and those of the ⅚ group 9.47 ± 0.83 cm). Appetite recovered at one day after surgery. All the animals survived for 12 weeks, when they were euthanised. At necropsy, the remnant kidney tissue was hyperplastic and completely buried. Intraoperative blood loss was 5.62 ± 2.26 ml in the ⅔ group, 4.77 ± 1.92 ml in the ¾ group, and 7.91 ± 3.7 ml in the ⅚ group (P \> 0.05).

**Physiological parameters.** Rectal temperature was measured before surgery to establish a baseline and at designated intra- and postoperative time points. A decreasing trend in rectal temperature was observed after the surgical procedure in all three groups, but there was a significant increase at three days after surgery in all groups compared with the preoperative baseline (P \< 0.05). There was no significant change in rectal temperature in any group between any postoperative time points ([Fig. 2](#j_jvetres-2019-0052_fig_002){ref-type="fig"}).

![Rectal temperature in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g002){#j_jvetres-2019-0052_fig_002}

Heart rate was measured before surgery (baseline) and at the designated intra- and postoperative time points. A decreasing trend in heart rate was observed after the surgical procedure in all three groups, and there was no significant change in heart rate in any group between any postoperative time points ([Fig. 3](#j_jvetres-2019-0052_fig_003){ref-type="fig"}).

![Heart rate in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g003){#j_jvetres-2019-0052_fig_003}

**Haematological examination.** A trend of an initial increase and then a decrease in WBC was observed in all animals and it was significantly higher at three days post procedure than it was preoperatively (p \< 0.05). It was back to the preoperative level at two weeks in the ⅔ group and at three weeks in the ¾ and ⅚ groups. There was no significant change in WBC in any group between any postoperative time points ([Fig. 4](#j_jvetres-2019-0052_fig_004){ref-type="fig"}).

![WBC in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g004){#j_jvetres-2019-0052_fig_004}

RBC was decreased in all groups after surgery with no significant change from the preoperative value at any time point. There was no significant change in RBC in any group between any time points ([Fig. 5](#j_jvetres-2019-0052_fig_005){ref-type="fig"}).

![RBC in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚) group q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point ???](jvetres-63-447-g005){#j_jvetres-2019-0052_fig_005}

The platelet count (PLT) increased in all groups after surgery on the 3^rd^ day after surgery and then decreased after 1 week with no significant change from the preoperative value at any time point. There was no significant change in PLT in any group between any time points ([Fig. 6](#j_jvetres-2019-0052_fig_006){ref-type="fig"}).

![PLT in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g006){#j_jvetres-2019-0052_fig_006}

**Renal function.** The CRE results showed that the concentration of serum CRE continued to increase after surgery in all groups, and it was significantly higher after one postoperative week than preoperatively (p \< 0.05). It was significantly higher in the ¾ group at weeks 3, 9, and 10 than in the ⅔ group, and in the ⅚ group after three weeks than in the ⅔ group (p \< 0.05) and after six weeks than in the ¾ group (p \< 0.05) ([Fig. 7](#j_jvetres-2019-0052_fig_007){ref-type="fig"}).

![CRE in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g007){#j_jvetres-2019-0052_fig_007}

The BUN results showed that the concentration of serum BUN increased after surgery in all groups, and it was significantly higher after one postoperative week than it was preoperatively (p \< 0.05). It was significantly higher in the ¾ group at weeks 7, 9, 10, 11 and 12 than in the ⅔ group. It was also significantly higher in the ⅚ group after seven weeks than in the ⅔ group and after eight weeks than in the ¾ group (p \< 0.05) ([Fig. 8](#j_jvetres-2019-0052_fig_008){ref-type="fig"}).

![BUN in 15 pigs (n = 5 for ⅔ group, n = 5 for ¾ group, n = 5 for ⅚ group) q -- preoperative baseline\
\* p \< 0.05 compared with the preoperative baseline. ^A^ p \< 0.05 compared with value of ⅔ group at the same time point. ^B^ p \< 0.05 compared with value of ¾ group at the same time point](jvetres-63-447-g008){#j_jvetres-2019-0052_fig_008}

**Histopathological examination.** Pathological changes in the kidneys ([Fig. 9](#j_jvetres-2019-0052_fig_009){ref-type="fig"}) showed that pigs had experienced renal tubular damage, tubular dilatation, and occurrence of primitive epithelial cells by 4 weeks and visible renal tubular regeneration, fibrosis, and appearance of new epithelial cells by 10 weeks after surgery.

![Histological examination after ⅚ nephrectomy. The picture was captured in microscope vision.\
A -- normal renal tissue, B -- at 4 weeks after surgery, C -- at 10 weeks after surgery. All at 400×](jvetres-63-447-g009){#j_jvetres-2019-0052_fig_009}

Discussion {#j_jvetres-2019-0052_s_004}
==========

A significant difference in the change process of renal function was observed between the three groups. Renal function was dramatically decreased in all the animals; however, it deteriorated more slowly in the ⅔ and ¾ groups. Due to the formidable compensatory ability of the kidney, animals in the ⅔ and ¾ groups did not reach a compensation failure state rapidly. However, the ⅚ nephrectomy established a CRF model in small animals successfully ([@j_jvetres-2019-0052_ref_008], [@j_jvetres-2019-0052_ref_022]), and we found that renal function deteriorated sufficiently steadily that instituting a CRF model in animals with a ⅚ nephrectomy is feasible.

Rat ¾, ⅘, ⅚, and ⅞ nephrectomies have been successful in achieving CRF for study ([@j_jvetres-2019-0052_ref_004], [@j_jvetres-2019-0052_ref_007], [@j_jvetres-2019-0052_ref_013]). Our team attempted to build a pig model of CRF because of the homology with humans. We also performed ⅞ nephrectomy in pigs, but we found it difficult to perform the first surgery and the pigs who underwent surgery twice died rapidly. The experiment failed to build a CRF model *via* ⅞ nephrectomy in pigs.

Partial nephrectomy caused effective nephron decrease and led to potentiation of the compensatory capacity of the remnant renal tissue. The animals showed a diminished renal filtration rate, high protein urine, glomerular sclerosis, and renal interstitial fibrosis. The ultimate result was the pathological characteristics of CRF. Glomerular sclerosis was the major pathological change in the remnant renal tissue and was the direct factor in clinical CRF. Recent studies showed that liquid nitrogen, diathermy, and electrocoagulation along with the removal of the contralateral kidney ([@j_jvetres-2019-0052_ref_009], [@j_jvetres-2019-0052_ref_010]) also cause effective nephron reduction; however, the uncertainty about renal damage extent and remnant tissue condition as well as the unpredictability of animal survival detracted from the models' success.

Renal damage after ischaemia has been studied for years. The recommended allowable duration of ischaemia has decreased from 55--40 min to 30--20 min, with less than 30 min being identified as the safe duration. However, specialists have proved that once ischaemia starts, renal damage has already occurred, and every minute of ischaemia increases the damage ([@j_jvetres-2019-0052_ref_003]). Takagi *et al* ([@j_jvetres-2019-0052_ref_019]) suggested that renal function was most influenced by the amount of preserved parenchyma and their baseline level of functionality. There have also been reports that the renal glomerular filtration rate was associated most strongly with preservation of parenchymal volume, and that ischaemic damage was a causative factor for a fall in this rate only in the short-term phase after surgery. Recently, although researchers have devised and applied techniques for partial nephrectomy without clamping vessels in order to avoid causing ischaemic damage ([@j_jvetres-2019-0052_ref_021]), excessive blood loss and haemocyte assimilation by the peritoneum were inevitable. Therefore, in our study the renal vessels were clamped during kidney surgery and suturing, and blood loss resulted mainly from the peritoneal, muscle, and skin incisions. A WBC increase could be observed in most CRF patients because immunity weakened in most of them and the patients were susceptible to other diseases. We did not observe a significant increase in WBC count after surgery, which was possibly because no secondary disease afflicted the subjects.

Different degrees of reduction were observed in the RBC count, which conformed to a pattern similar to that of clinical anaemia. Renal anaemia and haemorrhagic diathesis were the main manifestations of abnormality. Subcutaneous bleeding, mucosal bleeding, bruising, gastrointestinal bleeding, and cerebral haemorrhage can occur in advanced CRF patients ([@j_jvetres-2019-0052_ref_018]), and CRF will be more serious if the patients suffer from iron deficiency or malnutrition.

In general, the degree of anaemia was proportional to the renal function of patients; the main reason for anaemia was erythropoietin (EPO) reduction. The decrease in platelet count and the accelerated cell sedimentation rate may be the potential reason for anaemia in CRF patients.

In conclusion, we successfully established miniature pig renal failure models through laparoscopic technique which attests to extensive kidney excision as a feasible means of instituting such a model. The models had high repeatability and weakened postoperative renal function. Pigs in the ⅔ and ¾ groups experienced slow renal deterioration, and their kidneys were still compensatory. Nephrectomy to ⅚ of total renal tissue is a suitable miniature pig model of CRF.
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